Introduction
============

Bone cancer pain (BCP) is a severe complication of metastatic or advanced malignancy and is characterized by allodynia and hyperalgesia ([@b1-mmr-20-06-5100]). In total, 75--90% of patients with metastatic or advanced stage cancer have chronic severe bone pain ([@b2-mmr-20-06-5100]). BCP negatively affects the quality of life of those suffering from it and represents a substantial burden to society ([@b3-mmr-20-06-5100],[@b4-mmr-20-06-5100]). Although much effort has been devoted to the study of peripheral and central nervous system (CNS) sensitizations, the mechanism of BCP has yet to be elucidated ([@b5-mmr-20-06-5100]), and pharmacological agents with higher analgesic efficacy and fewer side effects need to be developed.

The endocannabinoid system comprises the cannabinoid receptors, corresponding ligands and enzymes that catalyze the synthesis and degradation of cannabinoids ([@b6-mmr-20-06-5100]). Cannabinoid receptor type 1 (CB1) is highly expressed in the CNS ([@b7-mmr-20-06-5100]), whereas the CB2 is mainly distributed in the immune system ([@b8-mmr-20-06-5100]). Previous studies have revealed the effects of the cannabinoid signaling system on acute and chronic pain relief; for example, pharmacological studies have demonstrated that non-selective cannabinoid agonists and selective CB1 and CB2 agonists induced antinociceptive effects ([@b9-mmr-20-06-5100]--[@b12-mmr-20-06-5100]). However, because of the side effects, such as sedation, dependence, cognitive impairment and psychotic-like behavior, caused by CB1 agonists ([@b13-mmr-20-06-5100]), the pain relief mechanism of CB2 agonists in cancer pain has become a key focus.

The analgesic effects of CB2 agonists have been demonstrated in a number of pain models. ([@b14-mmr-20-06-5100]--[@b16-mmr-20-06-5100]). Various analgesic mechanisms of CB2 agonists have been proposed but, to date, there is no definitive explanation. There is evidence that suggests a fatal role of autophagy in neuropathic pain ([@b17-mmr-20-06-5100],[@b18-mmr-20-06-5100]). For example, suberanilohydroxamic acid (SAHA) was reported to attenuate neuropathic pain through the autophagy flux mediated by mTOR signaling in spinal astrocytes and neurons ([@b19-mmr-20-06-5100]). It has also been reported that antinociception caused by caloric restriction increased autophagy in diabetic neuropathic pain ([@b20-mmr-20-06-5100]). Previous studies have revealed that activation of CB2 by JWH015 alleviated autoimmune disease ([@b21-mmr-20-06-5100]), protected against alcoholic liver disease ([@b22-mmr-20-06-5100]) and exerted an antitumor effect through the activation of autophagy ([@b23-mmr-20-06-5100],[@b24-mmr-20-06-5100]). Therefore, the present study aimed to determine whether the analgesic effect of the CB2 agonist JWH015 was mediated by the increased autophagy flux.

The existence of crosstalk between autophagy and inflammation has been proposed in various diseases, such as rheumatoid arthritis, systemic lupus erythematosus and cancer ([@b25-mmr-20-06-5100],[@b26-mmr-20-06-5100]). Interleukin (IL)-1β and IL-6 are inflammatory mediators, and their upregulation often occurs with impaired autophagy ([@b27-mmr-20-06-5100],[@b28-mmr-20-06-5100]). Based on our previous study that demonstrated that the activation of CB2 by intrathecal injection of JWH015 inhibited the activation of glial cells and downregulated the expression of IL-1β and IL-6 in rat BCP ([@b29-mmr-20-06-5100]), it was hypothesized that autophagy flux was impaired by the increases in inflammatory mediators in BCP. However, whether the inflammatory mediator-induced impairment of autophagy flux is involved in the analgesic effects of JWH015 remains unclear.

Therefore, the present study proposed that the activation of CB2 by JWH015 may activate autophagy, which was impaired by glia-derived inflammatory mediators. The present study investigated the specific mechanism of CB2 in BCP, with a focus on its modulation of inflammation-mediated autophagy.

Materials and methods
=====================

### Animals

All experiments were performed in strict accordance with the appropriate guidelines ([@b30-mmr-20-06-5100]) and were approved by the Animal Care and Use Committee of the Medical School of Nanjing University (Nanjing, China).

For *in vivo* experiments, male C3H/HeN mice (weight, 20--25 g; age 4--6 weeks, n=141) were purchased from Vital River Experimental Animal Corporation of Beijing. In total, 6 mice were housed in one cage under a 12 h light/dark cycle at 20°C, with a relative humidity of 55% and with free access to water and food.

For *in vitro* experiments, 14-day pregnant Sprague-Dawley rats were used to obtain the fetuses and collected the primary neuronal cells from the fetuses. Sprague-Dawley rats in the 14th day of pregnancy (weight, 300--350 g; age 6 weeks, n=3) were purchased from Qing Long Shan Dong Wu Fan Zhi Chang (Jiangsu, China, <http://www.njqlsdwc.com>). Rats were housed one cage per rat under a 12 h light/dark cycle at 20°C, with a relative humidity of 55% and with free access to water and food.

Experimental design
-------------------

### Experiment 1

A total of 64 mice were randomly divided into eight groups (n=8): Control group, sham group, and tumor group, pain behavioral tests were performed on the day before (baseline) and on day 4, 7,10, 14, 21 and 28 after operation. sham + vehicle group, tumor + vehicle group, tumor + JWH015 (1 µg) group, tumor + JWH015 (2 µg) group, and tumor + JWH015 (1 µg) + AM630 (2 µg) group, pain behavioral tests were performed on the day before (baseline) and at 4, 8,12, 24, 48 and 72 h after injection.

### Experiment 2

A total of 20 mice were randomly divided into two groups: Sham group (n=6), and tumor group (n=24). 14 days after operation, mice in sham group were sacrificed and the lumbar spinal cord was collected for western blotting (n=3) and immunofluorescence labeling (n=3). Mice in tumor group were sacrificed on day 0 (n=3), 4 (n=3), 7 (n=3), 10 (n=3), 14 (n=3), 21 (n=3), and 28 (n=3) for western blotting. On day 14 after operation, the mice in tumor group were sacrificed for immunofluorescence labeling (n=3).

### Experiment 3

A total of 36 mice were randomly divided into eight groups: Sham + vehicle group (n=6), tumor + vehicle group (n=6), sham + Baf-A1 group (n=3), tumor + Baf-A1 group, tumor + JWH015 (1 µg) group (n=3), tumor + JWH015 (2 µg) group (n=6), tumor + JWH015 (1 µg) + AM630 (2 µg) group (n=6), and tumor + JWH015 + Baf-A1 group (n=3). Mice were sacrificed at 12 h after injection in each group for western blotting (n=3). In sham + vehicle group, tumor + vehicle group, tumor + JWH015 (2 µg) group, tumor + JWH015 (1 µg) + AM630 (2 µg) group, another 3 mice were sacrificed at 12 h after injection for immunofluorescence labeling (n=3).

### Experiment 4

A total of 21 mice in tumor + JWH015 (2 µg) group were randomly sacrificed at 0 (n=3), 4 (n=3), 8 (n=3), 12 (n=3), 24 (n=3), 48 (n=3), and 72 (n=3) h after injection for western blotting.

### NCTC 2472 cell culture

NCTC 2472 osteolytic sarcoma cells (cat. no. 2087787; American Type Culture Collection) were cultured in NCTC 135 medium (Sigma-Aldrich; Merck KGaA) containing 10% horse serum (Gibco; Thermo Fisher Scientific, Inc.) and maintained in a 5% CO2 atmosphere at 37°C (Thermo Forma; Thermo Fisher Scientific, Inc.).

### Primary neuronal cells culture

Sprague-Dawley rats in the 14th day of pregnancy were deeply anesthetized with 2--3% isofluorane, sacrificed by cervical dislocation and the fetuses were quickly removed on embryonic day 14. The meninges and blood vessels were removed from the fetal cerebral cortices under a dissecting microscope. After cutting into 1 mm^3^ pieces, cortical tissues were digested in 0.25% trypsin at 37°C for 10 min. Supernatants were passed through a 70 µm cell strainer (Falcon; Thermo Fisher Scientific, Inc.) and centrifuged for 5 min at 168 × g at 37°C. Cells were diluted in Neurobasal medium (Gibco; Thermo Fisher Scientific, Inc.) supplemented with 1% B27 (Gibco; Thermo Fisher Scientific, Inc.), 2 mM glutamine and 10 µl/ml penicillin/streptomycin and plated onto poly-L-lysine (Sigma-Aldrich; Merck KGaA) coated 6-well plates at a density of 1×10^6^ cells/cm^2^. Cells were cultured at 37°C in a humidified incubator containing 5% CO~2~. The culture medium was changed 3 days after plating and cells were allowed to grow for 7 days before using in subsequent experiments.

### BCP model

The BCP model was constructed as described by Schwei *et al* ([@b31-mmr-20-06-5100]). Mice were anesthetized with sodium pentobarbital (50 mg/kg; i.p.) and an incision was made in the skin on the right leg and the right joint was exposed. Then a hole was drilled in the femur-plateau. Subsequently, 20 µl α-minimum essential medium (Thermo Fisher Scientific, Inc.) containing 2×10^5^ NCTC 2472 osteolytic sarcoma cells was injected into the intramedullary space of the right femur. Mice in the Sham group were injected with the isodose medium without any cells. The drilled hole was sealed with bone wax, and the wound was closed with 4-0 silk sutures (Ethicon, Inc.). Mice recovered from anesthesia on a heated blanket.

### Drug treatments

For *in vivo* experiments, drugs were prepared and administered as previously described ([@b29-mmr-20-06-5100],[@b32-mmr-20-06-5100],[@b33-mmr-20-06-5100]). The selective CB2 agonist JWH015 (Sigma-Aldrich; Merck KGaA) was dissolved in 5% DMSO corresponding to a dose of 1 µg/5 µl (50 µg/kg) or 2 µg/5 µl (100 µg/kg). The CB2-selective antagonist AM630 (Sigma-Aldrich; Merck KGaA) was dissolved in 5% DMSO corresponding to a dose of 2 µg/5 µl (100 µg/kg). Bafilomycin A1 (Baf-A1), an inhibitor of autophagosome and lysosome fusion, was dissolved in 5% DMSO corresponding to a dose of 10 nM. To avoid systemic effects on tumor cells, intrathecal administration was selected ([@b34-mmr-20-06-5100]). Drugs were intrathecally administered at a volume of 5 µl at day 14 after the inoculation with tumor cells. To antagonize the activation of the CB2 receptor, AM630 was injected 30 min before JWH015.

For *in vitro* experiments, JWH015 and AM630 were dissolved in culture medium corresponding to a dose of 1 µM. Lipopolysaccharide (LPS) was dissolved in culture medium corresponding to a dose of 100 nM.

### Pain behavioral tests

Mechanical allodynia and spontaneous pain in mice were tested prior to operation (day 0) as well as 4, 7, 10, 14, 21 and 28 days after operation in each group, and 0 (baseline), 4, 8, 12, 24, 48 and 72 h after the administration of JWH015, AM630 and vehicles. The experimenters who performed all behavioral tests were blinded to the groups.

### Paw withdrawal mechanical threshold (PWMT)

PWMT in the right hind paw was measured using von Frey filaments (0.16, 0.4, 0.6, 1.0, 1.4 and 2.0 g; Stoelting, USA) and the 'up-down' method as previously described ([@b33-mmr-20-06-5100]). Mice were placed in transparent plexiglass compartments with a wire mesh bottom and allowed to acclimate for 30 min. von Frey filaments were stuck to the plantar surface, and the lowest filament stimulus strength that resulted in the paw flinching or withdrawing was regarded as the PWMT.

### Number of spontaneous flinches (NSF)

Mice were placed in transparent plexiglass compartments with a wire mesh bottom and allowed to acclimatize for 30 min. Subsequently, the NSF of the right hind paw in 2 min was counted; each mouse was tested five times.

### Western blotting

Mice were anesthetized with pentobarbital (50 mg/kg, i.p.) and sacrificed by cervical dislocation on day 0, 4, 7, 10, 14, 21 and 28 after operation and 0, 4, 8, 12, 24, 48 and 72 h after intrathecal administration. The L3-L5 segments of the spinal cord were removed and stored at −80°C for further study. In addition, the primary neuronal cells were collected at 0, 3, 6, 9, 12 and 24 h after LPS-stimulation, and 12 h after JWH015-treatment. Samples were homogenized in RIPA Lysis Buffer (10 µl/mg for tissue; Beyotime Institute of Biotechnology) with phenylmethyl sulfonyl fluoride and incubated on ice for 30 min, followed by centrifugation at 241 × g at 4°C for 20 min. The supernatant of each sample was collected. Protein concentrations were determined using a BCA Protein Assay kit. Each sample of 50 µg protein was subjected to 10% SDS-PAGE and then transferred onto a PVDF membrane. The membrane was blocked with 5% BSA (Gibco; Thermo Fisher Scientific, Inc.) at room temperature for 1 h. The membranes were incubated with primary antibodies against IL-1β (1:1,000; Abcam; cat. no. ab2105), IL-6 (1:1,000; Abcam; cat. no. ab6672), LC3B (1:1,000; Cell Signaling Technology, Inc.; cat. no. 3868), p62 (1:1,000; Abcam; cat. no. ab91526) and β-actin (1:4,000; Abcam; cat. no. ab8227). The blots were subsequently incubated with a horseradish peroxidase conjugated goat anti-rabbit secondary antibody (1:10,000; EMD Millipore; cat. no. AP132P) and developed in ECL solution (Tanon Science and Technology Co., Ltd.). Images were captured using a cooled CCD system (Tanon Science and Technology Co., Ltd.) and quantified using ImageJ v1.8.0 (National Institutes of Health).

### Immunofluorescence labeling

Following the administration of general anesthesia (pentobarbital, 50 mg/kg; i.p.), mice were transcardially perfused with normal saline and 4% paraformaldehyde at day 14 after operation and 12 h after JWH015 (2 µg) administration. Lumbosacral enlargements were removed and fixed in 4% paraformaldehyde for 6 h, and then dehydrated in 30% sucrose for 48--72 h at 4°C. After they were frozen in optimal cutting temperature compound, tissues were cut into 20 µm sections with a freezing microtome. Sections were placed in PBS and sequentially blocked with 10% goat serum (Gibco; Thermo Fisher Scientific, Inc.) containing 0.3% Triton (Tanon Science and Technology Co., Ltd.) for 2 h at room temperature. Sections were then incubated with primary antibodies for glial fibrillary acidic protein (GFAP; mouse, 1:100, Cell Signaling Technology, Inc. \#80788), ionized calcium-binding adaptor molecule 1 (Iba1; rabbit, 1:300, Wako, Japan), LC3B (rabbit; 1:100; Cell Signaling Technology, Inc.; cat. no. 3868), and neuronal nuclei antigen (NeuN; mouse; 1:1,000; Abcam; cat. no. ab104224) separately overnight at 4°C. After washing with PBS, sections were incubated with Alexa 488-conjugated goat anti-rabbit (1:3,000, Thermo Fisher Scientific, Inc.; cat. no. R37116) or Alexa 594-conjugated goat anti-mouse (1:3,000; Thermo Fisher Scientific, Inc.; cat. no. R37121) secondary antibodies. The sections were mounted on glass slides, air-dried and incubated with DAPI (Abcam) for 5 min at room temperature for nuclear staining. Images were captured using a laser-scanning confocal microscope (Olympus Corporation) and the staining density was analyzed using ImageJ (National Institutes of Health).

### Statistical analyses

Data are presented as the mean ± standard deviation. Results from the behavioral study were analyzed using repeated measurements ANOVA followed by Bonferroni test post-hoc test to assess differences at each time point among and with. Western blotting results were analyzed using one-way ANOVA followed by Bonferroni test for between-group comparisons. Statistical analyses were performed using SPSS 22.0 (IBM Corporation); GraphPad Prism Version 7 (GraphPad Software, Inc.) was used to plot graphs. P\<0.05 was considered to indicate a statistically significant difference.

Results
=======

### Intrathecal injection of JWH015 attenuates BCP in mice

PWMT and NSF of the right hind paw of mice were tested to monitor the progression of BCP generated by injecting NCTC 2472 osteolytic sarcoma cells into the femur. No significant differences in PWMT and NSF were observed between groups at baseline. PWMT decreased slightly (1.15±0.207 g in the Sham group; 1.30±0.185 g in the tumor group; [Fig. 1A](#f1-mmr-20-06-5100){ref-type="fig"}) and NSF increased (3.500±0.756 in the Sham group; 2.875±0.641 in the tumor group; [Fig. 1B](#f1-mmr-20-06-5100){ref-type="fig"}) on day 4 in the Sham and Tumor groups compared with the values at baseline (all P\<0.05). The PWMT and NSF values recovered to near baseline level in the Sham group from day 7. In the Tumor group, PWMT recovered on day 7 and decreased starting on day 10 (0.9±0.28 g on day 10; 0.52±0.21 g on day 14; 0.34±0.11 g on days 21 and 28; P\<0.05; [Fig. 1A](#f1-mmr-20-06-5100){ref-type="fig"}) compared with the baseline. NSF in the Tumor group remained significantly higher compared with the baseline value at days 10--28 (5.875±1.12599 on day 10; 9.5±0.92582 on day 14; 11±1.06904 on day 21 and 12.5±0.92582 on day 28; P\<0.05; [Fig. 1B](#f1-mmr-20-06-5100){ref-type="fig"}). These results confirmed the successful establishment of the bone cancer pain model.

Activation of CB2 by intrathecal administration of JWH015 on day 14 significantly improved the pain behaviors. There were no significant differences were identified in PWMT and NSF in the Sham group following vehicle treatment. JWH015-treated mice exhibited a large increase in PWMT and a decrease in NSF in a dose-dependent manner ([Fig. 1C and D](#f1-mmr-20-06-5100){ref-type="fig"}, respectively). PWMT increased and NSF decreased from 8 to 48 h after administration in the Tumor + JWH015 (1 µg) group (P\<0.05) and the Tumor + JWH015 (2 µg) group (P\<0.05) compared with the respective baseline values. The analgesic effect of JWH015 peaked at 12 h after injection, with an increase in PWMT to 1.85±0.278 g in the Tumor + JWH015 (2 µg) group and 1.3±0.185 g in the Tumor+JWH015 (1 µg) group. However, the pain-relief effect of JWH015 was completely prevented by pretreatment with the CB2 antagonist AM630 ([Fig. 1C and D](#f1-mmr-20-06-5100){ref-type="fig"}).

### Autophagy flux is impaired in BCP mice

There are two major autophagic marker proteins, LC3B and p62. LC3B-I is converted to LC3B-II during the formation of autophagosomes ([@b35-mmr-20-06-5100]), whereas p62 is degraded by the autophagosome-lysosome pathway and represents the degradation level of autophagosomes ([@b36-mmr-20-06-5100]). To determine whether autophagy flux was impaired in the spinal cord during BCP, western blotting was performed. The results indicated that LC3B-II the ratio of LC3B-II/LC3B-I were significantly increased in BCP mice at 14, 21 and 28 days after operation compared with Sham group ([Fig. 2A and B](#f2-mmr-20-06-5100){ref-type="fig"}; P\<0.05). In addition, the expression of p62 was significantly increased from day 10 to 28 ([Fig. 2C](#f2-mmr-20-06-5100){ref-type="fig"}; P\<0.05).

Baf-A1 suppresses autophagosome-lysosome fusion and results in the accumulation of autophagosomes. As shown in [Fig. 2D-F](#f2-mmr-20-06-5100){ref-type="fig"}, intrathecal injection of 10 nM Baf-A1 increased the ratio of LC3B-II/LC3B-I and the expression of p62 in the Sham mice compared with the values in the Sham + vehicle mice (P\<0.05). These results indicated that autophagy flux was impaired in BCP model mice.

### Impaired autophagy flux is located in neurons in the spinal cord

The cellular localization of LC3B expression was determined using double immunofluorescence staining. The spinal tissues were collected on day 14 from the Tumor groups. The results demonstrated substantial LC3B expression in the spinal dorsal horn, which was mostly colocalized with NeuN, a neuronal marker ([Fig. 3A](#f3-mmr-20-06-5100){ref-type="fig"}). The expression of LC3B in astrocytes and microglia was also examined. No colocalization with GFAP (an astrocyte marker; [Fig. 3B](#f3-mmr-20-06-5100){ref-type="fig"}) and Iba1 (a microglial marker; [Fig. 3C](#f3-mmr-20-06-5100){ref-type="fig"}) in the spinal cord was found. These results indicated that the autophagy flux in the dorsal horn neurons was impaired in BCP.

### Intrathecal administration of JWH015 ameliorates impaired autophagy flux in BCP

Based on the protective role of autophagy in pain and the relationship between autophagy and the CB2 in several diseases ([@b19-mmr-20-06-5100]--[@b24-mmr-20-06-5100]), the relationship between the CB2 and autophagy was involved in BCP was investigated. There were significant increase of the ratio of LC3B-II/LC3B-I and the expression of p62 in the Tumor + vehicle group compared with the Sham + vehicle group (P\<0.05). Intrathecal administration of JWH015 decreased the ratio of LC3B-II/LC3B-I in the Tumor + JWH015 (1 µg) and Tumor + JWH015 (2 µg) groups, as well as decreased the expression of p62 in the tumor + JWH015 (2 µg) group, compared with the values in the Tumor + vehicle group ([Fig. 4A-C](#f4-mmr-20-06-5100){ref-type="fig"}; P\<0.05). Pretreatment with the CB2 antagonist AM630 reversed the increased autophagy flux in the JWH015-treated mice. The protein expression levels of LC3B and p62 were also examined at different time points following JWH015 (2 µg) injection; the ratio of LC3B-II/LC3B-I and the expression of p62 decreased from 8 to 72 h after injection ([Fig. 4D-F](#f4-mmr-20-06-5100){ref-type="fig"}; P\<0.05). In addition, the ratio of LC3B-II/LC3B-I and the expression of p62 increased in the Tumor + JWH015 (2 µg) + Baf-A1 (10 nM) group compared with the values in the Tumor + JWH015 (2 µg) group ([Fig. 4G-I](#f4-mmr-20-06-5100){ref-type="fig"}; P\<0.05). Collectively, these results suggested that JWH015 ameliorated the impaired autophagy flux in BCP.

### Intrathecal injection of JWH015 inhibits the activation of astrocytes and microglia, and downregulates IL-1β and IL-6 in BCP mice

Although the results aforementioned demonstrated the involvement of CB2-mediated autophagy flux in BCP, the mechanism by which CB2 affected autophagy was not clarified. Accumulating evidence has indicated the role of inflammation as the bridge between the CB2 and autophagy ([@b21-mmr-20-06-5100],[@b22-mmr-20-06-5100]). Thus, whether the amelioration of autophagy flux by JWH015 was mediated by the modulation of inflammation was determined.

Glial cell-derived pro-inflammatory mediators, such as IL-1β and IL-6, have been reported to play key roles in the pathophysiology of pain ([@b29-mmr-20-06-5100]). Increases in the staining density of GFAP (P\<0.05) and Iba1 (P\<0.05) were observed on day 14 after operation in BCP mice compared with the levels in the Sham mice ([Fig. 5A](#f5-mmr-20-06-5100){ref-type="fig"}). Western blotting revealed the significantly increased expression levels of IL-1β on days 4, 14, 21 and 28 ([Fig. 6A and B](#f6-mmr-20-06-5100){ref-type="fig"}; P\<0.05) and of IL-6 on day 14 ([Fig. 6A and B](#f6-mmr-20-06-5100){ref-type="fig"}; P\<0.05) in the spinal cord in BCP mice compared with the levels in the Sham mice.

Intrathecal administration of JWH015 at a dosage of 2 µg decreased the staining density of GFAP and Iba1 at 12 h after treatment ([Fig. 5B](#f5-mmr-20-06-5100){ref-type="fig"}; P\<0.05) compared with the values in the Tumor + vehicle group. Compared with the values in the Tumor + vehicle group, intrathecal injection of 1 and 2 µg JWH015 significantly lowered the protein expression levels of IL-1β and IL-6 ([Fig. 6C and D](#f6-mmr-20-06-5100){ref-type="fig"}; P\<0.05). The expression of IL-1β and IL-6 decreased between 8 and 72 h after JWH015 (2 µg) injection ([Fig. 6E and F](#f6-mmr-20-06-5100){ref-type="fig"}, P\<0.05). However, the suppressive effect of JWH015 was completely prevented by pretreatment with AM630 ([Fig. 6C and D](#f6-mmr-20-06-5100){ref-type="fig"}; P\>0.05).

In summary, the activation of CB2 by the intrathecal administration of JWH015 inhibited the activation of glial cells, and downregulated glial cell-derived IL-1β and IL-6, and this may be the underlying mechanism by which autophagy flux was ameliorated.

### Amelioration of impaired autophagy flux in LPS-stimulated primary neurons by JWH015 is mediated by the downregulation of IL-1β and IL-6

Previous studies have reported the increased expression of IL-1β and IL-6 following LPS-stimulation in various cells ([@b37-mmr-20-06-5100],[@b38-mmr-20-06-5100]). Therefore, LPS-stimulated primary neurons were used as an *in vitro* model to further explore the role of IL-1β and IL-6 in the activation of autophagy by JWH015. Primary neurons were stimulated with LPS (100 nM) for 0, 3, 6, 9, 12 or 24 h. Western blotting revealed significantly increased protein expression levels of IL-1β and IL-6 in primary neurons at 9, 12 and 24 h after LPS stimulation, compared with untreated Control cells ([Fig. 7A and B](#f7-mmr-20-06-5100){ref-type="fig"}; P\<0.05), which indicated an inflammatory environment induced by LPS. IL-1β and IL-6 were upregulated over time following LPS stimulation, along with increases in the ratio of LC3B-II/LC3B-I and expression levels of p62 at 9, 12 and 24 h after stimulation ([Fig. 7C and D](#f7-mmr-20-06-5100){ref-type="fig"}; P\<0.05), which indicated the impairment of autophagy flux induced by the LPS-mediated production of IL-1β and IL-6 in primary neurons. Treatment with JWH015 at a dosage of 1 µM for 12 h in LPS stimulated-primary neurons significantly reduced IL-1β and IL-6 expression levels ([Fig. 7E and F](#f7-mmr-20-06-5100){ref-type="fig"}; P\<0.05). In addition, the ratio of LC3B-II/LC3B-I and the expression of p62 decreased in the JWH015-treated group ([Fig. 7G and H](#f7-mmr-20-06-5100){ref-type="fig"}; P\<0.05). These effects could be prevented by pretreatment with AM630 as the expression of IL-1β and IL-6, the ratio of LC3B-II/LC3B-I, and the expression of p62 was increased in the LPS + JWH015 + AM630 group compared with the LPS + JWH015 group (P\<0.05).

In summary, the results of the *in vitro* experiment demonstrated that the impairment of autophagy flux was induced by the production of IL-1β and IL-6 in LPS-stimulated primary neurons. JWH015 may ameliorate autophagy by the downregulation of the inflammatory mediators IL-1β and IL-6.

Discussion
==========

BCP is common in patients with advanced cancer, and the extreme pain is difficult to completely control. The results of the present study demonstrated that autophagy flux was impaired during the progression of BCP. Intrathecal administration of the selective CB2 agonist JWH015 alleviated BCP through the amelioration of impaired autophagy flux in spinal neurons. The production of IL-1β and IL-6 in LPS-stimulated primary neurons impaired autophagy, and treatment with JWH015 reversed the impaired autophagy by downregulating IL-1β and IL-6 expression levels. The results indicated a potential mechanism by which the CB2 affects pain relief. Activation of the CB2 by JWH015 alleviated hyperalgesia by ameliorating the impaired autophagy induced by glia-derived inflammatory mediators in spinal neurons.

BCP remains a clinically challenging problem ([@b39-mmr-20-06-5100],[@b40-mmr-20-06-5100]). Its etiology and mechanisms are complex and poorly elucidated. The current therapeutic options for BCP are not very effective and have many unresolvable side effects ([@b41-mmr-20-06-5100]). The endocannabinoid system serves important roles in pain states, and the analgesic properties of cannabinoid receptor agonists have been extensively described ([@b9-mmr-20-06-5100]--[@b12-mmr-20-06-5100]). The present study verified the pain relief effect of the intrathecal administration of the CB2-selective agonist JWH015 on tumor-evoked mechanical hyperalgesia, which was similar to results reported in our previous studies ([@b29-mmr-20-06-5100],[@b32-mmr-20-06-5100],[@b33-mmr-20-06-5100]). CB2 agonists have been shown to exert analgesic effects in various models of pain, such as inflammatory pain ([@b42-mmr-20-06-5100]), neuropathic pain ([@b15-mmr-20-06-5100]) and BCP. Our previous studies indicated that the CB2 could attenuate bone cancer pain via the modification of N-methyl D-aspartate receptor subtype 2B (NR2B; a subunit of NMDAR) ([@b33-mmr-20-06-5100]), G-protein coupled receptor kinase 2 ([@b32-mmr-20-06-5100]), inflammatory cytokines, and glial cells ([@b29-mmr-20-06-5100]). Other studies have reported that CB2 could modulate the NACHT, LRR and PYD domains-containing protein 3 (NLRP3) inflammasome ([@b14-mmr-20-06-5100]) and microglial phenotype ([@b43-mmr-20-06-5100]) in different models of pain relief. These results suggested that the CB2 may induce analgesic effects through various pathways; however, little attention has been given to autophagy.

Autophagy, a cellular self-digestive process ([@b44-mmr-20-06-5100]), is associated with several diseases, such as cancers and neurodegenerative and inflammation diseases ([@b45-mmr-20-06-5100],[@b46-mmr-20-06-5100]). Autophagy has been proposed to serve a role in pain, and the impairment of autophagy has been reported in neuropathic pain ([@b47-mmr-20-06-5100]). Metformin was demonstrated to relieve neuropathic pain through autophagy flux stimulation ([@b48-mmr-20-06-5100]). Moreover, impaired autophagy in GABAergic interneurons was found in neuropathic pain ([@b49-mmr-20-06-5100]). In the present study, the ratio of LC3B-II/LC3B-I and the expression of p62 increased, which indicated decreased formation of autophagosomes and degradation of the autophagosome-lysosome pathway. Baf-A1, an inhibitor of autophagosome and lysosome fusion, induced an increase in the ratio of LC3B-II/LC3B-I in the Sham mice and exacerbated the increase in the ratio of LC3B-II/LC3B-I in the Tumor mice. These results provided further evidence of the impaired autophagy flux in BCP. A relationship between the CB2 and autophagy has been proposed in various diseases ([@b21-mmr-20-06-5100],[@b22-mmr-20-06-5100]). The CB2-selective agonist JWH015 is capable of inhibiting tumor cell growth through the stimulation of autophagy ([@b23-mmr-20-06-5100],[@b24-mmr-20-06-5100]). Thus, the expression levels of autophagy proteins in BCP mice treated with JWH015 were investigated. A decrease in the ratio of LC3B-II/LC3B-I and the downregulation of p62 in neurons were found in JWH015-treated mice compared with the levels in vehicle-treated mice. The increase in autophagy flux together with the attenuation of tumor-evoked mechanical hyperalgesia indicated that autophagy may serve an important role in the analgesic mechanism of CB2.

Several mechanisms for the modulation of autophagy by the CB2 have been proposed, mainly focusing on inflammation ([@b50-mmr-20-06-5100],[@b21-mmr-20-06-5100],[@b20-mmr-20-06-5100]). For example, cannabinoids can inhibit energetic metabolism and induce AMPK-dependent autophagy in pancreatic cancer cells ([@b50-mmr-20-06-5100]). Activation of CB2 by JWH133 was reported to inhibit hepatic inflammation and activate autophagy in macrophages in alcoholic liver disease ([@b21-mmr-20-06-5100]). Inhibition of NLRP3 inflammasomes and activation of autophagy were found in HU308 (a specific agonist of CB2R)-stimulated BV2 cells ([@b20-mmr-20-06-5100]). Crosstalk between autophagy and inflammation is involved in many pathological conditions. For example, autophagy suppresses inflammation in kidney diseases ([@b51-mmr-20-06-5100]) and environmental ultrafine particulate matter (PM)-induced airway epithelial injury ([@b52-mmr-20-06-5100]). Only limited studies have focused on the effect of inflammation on autophagy ([@b27-mmr-20-06-5100],[@b28-mmr-20-06-5100]). The present study explored the possible mechanism by which glia-derived pro-inflammatory mediators induced autophagy in BCP. It was demonstrated that the impairment of autophagy in BCP mainly occurred in spinal neurons. Thus, the mechanism of inflammation-induced autophagy in primary neurons was investigated. After stimulation by LPS, the expression of IL-1β and IL-6 was increased and autophagy was impaired in primary neurons. These results suggested that stimulation by inflammatory mediators may impair autophagy in neurons. Treatment with JWH015 increased the expression of autophagy-related proteins and downregulated IL-1β and IL-6, which further verified the results of the *in vivo* experiments.

In conclusion, the results of the present study indicated that intrathecal administration of the selective CB2 agonist JWH015 alleviated BCP and that the amelioration of impaired neuronal autophagy mediated by the downregulation of glia-derived IL-1β and IL-6 may underlie this pain-relief effect. This was a preliminary study and further studies are required to elucidate the function of autophagy in different cell types.
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![Intrathecal administration of JWH015 attenuates bone cancer pain. Intra-femur implantation of NCTC 2476 cells induced mechanical hypersensitivity in the ipsilateral hind paw. The (A) PWMT and (B) NSF were measured on days 0, 4, 7, 10, 14, 21 and 28 after operation in Control, Sham and Tumor group mice. JWH015 and AM630 were intrathecally injected on day 14 after the operation. (C) PWMT and (D) NSF were tested before administration (baseline, 0 h) and at 4, 8, 12, 24, 48 and 72 h after administration of JWH015. Data are expressed as the mean ± SD; n=8; \*P\<0.05 vs. Baseline; ^\#^P\<0.05 vs. Sham at each time point. PWMT, paw withdrawal mechanical threshold; NSF, Number of spontaneous flinches.](MMR-20-06-5100-g00){#f1-mmr-20-06-5100}

![Autophagy flux is impaired in bone cancer pain mice. (A) Representative western blotting images of LC3BI/II and p62 protein expression in the spinal cord of mice in the Sham and Tumor groups on day 0, 4, 7, 10, 14, 21 and 28 post-operation. (B) Ratio of LC3B-II/LC3B-I and (C) quantification of p62 in the spinal cord in BCP. \*P\<0.05 vs. Sham group. (D) Representative blots of LC3BI/II and p62 protein expression in mice in the Sham and Tumor groups treated with or without Baf-A1 (10 nM). (E) Ratio of LC3B-II/LC3B-I and (F) quantification of p62. For all western blots, β-actin was used as a loading control. Data are expressed as the mean ± SD; n=3; \*P\<0.05 vs. Sham + vehicle mice. LC3B, microtubule-associated protein 1 light chain 3β.](MMR-20-06-5100-g01){#f2-mmr-20-06-5100}

![Autophagy flux is impaired in neurons in the spinal cord. (A-C) LC3B-immunoreactive cells (green) in the spinal cord were (A) NeuN-positive (red), (B) Iba1-negative (red), and (C) GFAP-negative (red). Scale bar, 50 µm; magnification, ×400. GFAP, glial fibrillary acidic protein; Iba1, ionized calcium-binding adaptor molecule 1; LC3B, microtubule-associated protein 1 light chain 3β; NeuN, neuronal nuclei antigen.](MMR-20-06-5100-g02){#f3-mmr-20-06-5100}

![Intrathecal administration of JWH015 ameliorates impaired autophagy flux in bone cancer pain. (A) Representative western blotting images of LC3B and p62 in the spinal cord 12 h after treatment with JWH015. (B) Ratio of LC3B-II/LC3B-I and (C) quantification of p62 protein expression levels. ^\#^P\<0.05 vs. Sham + vehicle group; \*P\<0.05 vs. Tumor + vehicle group. (D) Representative western blots of LC3B and p62 protein expression in the spinal cord at 0, 4, 8, 12, 24, 48 and 72 h after JWH015 (2 µg) injection. (E) Ratio of LC3B-II/LC3B-I and (F) quantification of p62. \*P\<0.05 vs. 0 h. (G) Representative blots of LC3B and p62 in the spinal cord with treatment of vehicle, Baf-A1 (10 nM), JWH015 (2 µg), and Baf-A1 (10 nM) + JWH015 (2 µg) in BCP mice on day 14. (H) Ratio of LC3B-II/LC3B-I. (I) Quantification of p62. \*P\<0.05 vs. tumor + vehicle group. For all western blots, β-actin was used as a loading control; data are expressed as the mean ± SD n=3 per group. LC3B, microtubule-associated protein 1 light chain 3β.](MMR-20-06-5100-g03){#f4-mmr-20-06-5100}

![Intrathecal administration of JWH015 inhibits activation of astrocytes and microglia induced by bone cancer pain. (A) Images and quantification of immunostaining for GFAP (red) and Iba1 (green) in lumbar spinal dorsal horn were captured on day 14 after operation in mice in the Sham and Tumor groups. n=3; \*P\<0.05 vs. Sham. (B) Effects of JWH015 on glial cells are shown by immunostaining and quantification of GFAP (red) and Iba1 (green) in mice in the Sham + vehicle, Tumor + vehicle, Tumor + JWH015 (2 µg) and Tumor + AM630 (1 µg) + JWH015 (2 µg) groups at 12 h after treatment. ^\#^P\<0.05 vs. Sham + vehicle group; \*P\<0.05 vs. Tumor + vehicle group; n=3 per group. Scale bar, 50 µm; magnification, × 200. GFAP, glial fibrillary acidic protein; Iba1, ionized calcium binding adaptor molecule 1.](MMR-20-06-5100-g04){#f5-mmr-20-06-5100}

![Intrathecal administration of JWH015 downregulated the expression of pro-inflammatory mediators IL-1β and IL-6. (A) Representative western blotting images and (B) quantification of IL-1β and IL-6 protein expression in the spinal cord in Sham and Tumor mice on day 0, 4, 7, 10, 14, 21 and 28 after the operation. \*P\<0.05 vs. Sham. (C) Representative western blots and (D) quantification of IL-1β and IL-6 expression in the spinal cord 12 h after the treatment of JWH015. ^\#^P\<0.05 vs. Sham + vehicle group; \*P\<0.05 vs. Tumor + vehicle. (E) Representative blots and (F) quantification of IL-1β and IL-6 in the spinal cord at 0, 4, 8, 12, 24, 48 and 72 h after JWH015 (2 µg) injection. \*P\<0.05 vs. 0 h. For all blots, β-actin was used as a loading control; data are expressed as the mean ± SD; n=3. IL, interleukin.](MMR-20-06-5100-g05){#f6-mmr-20-06-5100}

![Effects of JWH015 on inflammatory factors and autophagy in primary neurons. Primary neurons were stimulated with LPS (100 nM) for 0, 3, 6, 9, 12 and 24 h. (A) Western blotting demonstrated the upregulation of IL-1β and IL-6 after LPS-stimulation. (B) Quantification of IL-1β and IL-6 in the primary neurons after LPS-stimulation. \*P\<0.05 vs. Control (0 h). (C) Increased ratio of LC3B-II/LC3B-I and increased expression of p62 in LPS-stimulated primary neurons. (D) Quantification of LC3B-II/LC3B-I and p62. \*P\<0.05 vs. Control (0 h). (E-H) Primary neurons were treated with JWH015 (1 µM) and AM630 (1 µM) for 12 h. (E) Inhibition of IL-1β and IL-6 after treatment with JWH015 in LPS stimulated-primary neurons. (F) Quantification of IL-1β and IL-6 in different groups. \*P\<0.05 vs. control group; ^\#^P\<0.05 vs. LPS group; ^\$^P\<0.05 vs. LPS + JWH015 group. (G) Decreased ratio of LC3B-II/LC3B-I and decreased expression of p62 after treatment with JWH015 in LPS-stimulated primary neurons. (H) Quantification of LC3B-II/LC3B-I and p62 in different groups. \*P\<0.05 vs. control group; ^\#^P\<0.05 vs. LPS group; ^\$^P\<0.05 vs. LPS + JWH015 group. In all western blots, β-actin was used as a loading control; data are expressed as the mean ± SD; n=3. IL, interleukin; LC3B, microtubule-associated protein 1 light chain 3β; LPS, lipopolysaccharide.](MMR-20-06-5100-g06){#f7-mmr-20-06-5100}
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